In the present study, a magnetic nanofibrous composite mat composed of polystyrene (PS)/polyvinylidene fluoride (PVDF) nanofibers with selective incorporation of iron oxide (Fe 3 O 4 ) nanoparticles (NPs) on/in PS was successfully prepared via a facile two-nozzle electrospinning process for oil-in-water separation. Field emission scanning electron microscopy and infrared spectroscopy showed the mats to be highly-porous in structure and confirmed the presence of the Fe 3 O 4 NPs on/in the nanofibers. Both PS and PVDF nanofibers exhibited oleophilic and hydrophobic properties. The results showed improved mechanical properties when PVDF was added to the composite mat compared to the pristine PS mat. In addition, the incorporation of magnetic Fe 3 O 4 NPs in the composite mat helps in the easy recovery of the mats after the oil-in-water sorption process.
Introduction
The issue on oil pollution has drawn continuous attention of the society in recent years. Oil spills are mainly caused by shipping accidents, offshore or marine vessel leakage and illegal discharges of oily wastes [1] , which consequently endanger the ecosystem and marine lives, and contaminate beaches and shorelines [2] . Additionally, domestic and industrial wastes which contain excess oil or fuel and drained in sewers or carried in waterways are also sources of pollution [3] .
These oil pollution problems have prompted a necessity to develop a cost-effective and environmentfriendly way of oil spill cleanup. Among the commonly used methods include in situ burning of oil on water [4] , mechanical extraction [5] , chemical degradation [6] , and centrifugation and gravity separation. Each of these methods has its own limitation. In most cases, the cleanup requires the use of several techniques together. The common potential risk is the secondary pollution from the cleanup such as the generation of smoke and dust from the in situ burning of oil on water and contamination by toxic compounds from the use of commercial chemical dispersants [7] . Furthermore, these oil cleanup methods have low separation efficiency, complex equipment, and high operation cost.
Among the cleanup methods, the use of sorbent materials as a mechanical extraction method is considered to be a promising technique. Sorbents are very commonly used during oil spills for their cost-effectiveness and affordability [8] . These sorbents include natural materials, inorganic mineral products and organic synthetic fibers. An ideal sorbent material should have high hydrophobicity, high oleophilicity, high uptake capacity and rate, adequate buoyancy, and good recoverability of the adsorbed oil [9] . Recently, considerable research on natural organic sorbents was carried out such as the use of Kapok fiber [10] , cotton, and rice husks [11] . A recent study reported on the coating of graphene on cotton for oil/water separation [12] . Even though natural organic sorbents are mostly biodegradable, some of them absorb both water and oil thus lessening the separation efficiency, and some of them may also sink during absorption with harsh sea condition [13] . Mineral products suffer from low buoyancy and low oil sorption capacity.
On the other hand, synthetic sorbents are man-made materials designed to combat oil spillages. Due to their excellent (super/) hydrophobic and (super/) oleophilic properties, they normally achieve higher sorption capacity [14] . The most widely used synthetic sorbents consisted of high molecular weight polymers, such as polyurethane (PU) , polyethylene (PE), or polypropylene (PP) [15] . Nonwoven PP fibrous mats are widely used for oil spill cleanups due to their good oleophilichydrophobic properties, adequate buoyancy, and their scalable production. However, nonwoven PP fibers have low oil-sorption capacity. As synthetic fibers are mostly non-biodegradable, the full recovery of the sorbent after adsorption is very important to avoid secondary pollution. Sorbents could sink and are sometimes hard to recover after adsorption due to many factors including environment conditions such as wind, current, tides, etc. Providing a magnetic property on the sorbents can be useful in the recovery process from the water surface. Chen et al. [16] and Adriana et al. [17] fabricated different oil sorbents both providing magnetic properties to achieve the idea of easy re-pick after the sorbents are saturated. Wei et al. used a biosurfactant to clean used oil PP sorbents and more than 95% removal of oil from the sorbents was achieved with certain washing conditions [18] . Other reports have also indicated the potential for recycling the used sorbent on other synthetic sorbents.
The β-cyclodextrin oil-absorbents made by Ding et al. [19] were reusable. The oil can be desorbed by a chemical extraction method [19] .
With the advances in science and technology, it is now possible to fabricate materials at the nanoscale level. Electrospinning is one of the well-known techniques in the fabrication of polymeric fibers with ultrafine diameters from a polymeric solution or melt [20, 21] . The resulting micro/nanofibers are formed in a nonwoven structure, which possess high porosity, interconnected pores, high surface area-to-volume ratio, and high strength-to-weight ratio [22, 23] . Depending on the desired morphology and properties, the materials and process parameters for electrospinning can be manipulated. Solid or internally-porous fibers, or smooth or rough fiber surface can be obtained by Polysterene (PS) nanofibers have shown good oleophilicity and hydrophobicity, and good oil sorption capacity [32] . But it is extremely light weight and has a cotton-like appearance, which makes it tend to flow and drift in air. In addition, the poor mechanical properties of PS fiber mats might cause problems during transportation and pick-up after oil absorption in the open water. Hence, one way to improve the mechanical properties of PS nanofibers is to combine it with other material forming a composite while utilizing its oil-sorption potential. In this study, we utilize the good properties of polyvinylidene fluoride (PVDF) to add mechanical stability to the PVDF/PS membrane.
PVDF is widely applied in filtration systems as membranes [33, 34] . Electrospun PVDF fibers are hydrophobic, have high chemical resistance and good mechanical strength, excellent thermal stability, and steady performance for long-term application [33] . The addition of PVDF nanofibers could provide increased mechanical properties of the composite mat. Additionally, to aid in the better recovery of the sorbent material, the provision of magnetic properties in the composite mat would be a good strategy. Among the available nanoparticles, magnetic iron oxide (Fe 3 O 4 / γFe 3 O 4 ) are proven to have low degree of cytotoxicity even at high concentrations [35] , thus its possible use in oil-sorption sorbents would be viable. Magnetite (Fe 3 O 4 ) nanoparticles have been studied for use in water treatment where they show promising ability in removing heavy metal ions with high efficiency [36] .
The magnetic properties of Fe 3 O 4 nanoparticles and their proper dispersion in the composite polymeric materials would provide magnetic properties for easy recovery of the sorbent material.
In this study, we prepared and fabricated a nanocomposite sorption membrane consisting of two different polymeric components: PS and PVDF, which were simultaneously fabricated into one mat by one-step two-nozzle electrospinning. The PS component nanofibers were selectively Table 1 shows the viscosity and density of the oils measured at room temperature. All of the materials were used as received without further treatment. 
Electrospinning
PVDF solution (20 wt%) in DMF/acetone (7/3 ratio) mixed solvent and PS solution (20 wt%)
in DMF/THF mixed solvent (3/1 ratio) were prepared by overnight stirring at 55 o C and at room temperature, respectively. Fe 3 O 4 nanoparticles (5 wt% w.r.t. the weight of PS) were added in PS solution and the solution was subjected to bath sonication for 2 h to disperse the nanoparticles.
Electrospinning was carried out using the set-up used in our previous study (see Fig. 1 ) [26] . Two different polymer solutions were simultaneously electrospun from two nozzles configured side-byside with each other oriented at an angle of 80° between them. The two nozzles kept on oscillating horizontally through a step motor. Fibers were electrospun at an applied voltage of 18 kV for all solutions at a tip-to-collector distance of 15 cm. The feed rate was maintained at 0.8 ml/h for the PVDF solution, and 1 ml/h for all other solutions. To fabricate single component nanofibrous mats, a single nozzle was used, which was perpendicularly oriented to the collector. All the fiber mats were dried in an oven at 60°C overnight to remove the residual solvents. The fiber mats were used as sorbents with no further treatment. Table 2 shows the electrospinning parameters and the corresponding sample names of different fabricated membranes to aid in the discussion. 
Measurement of oil sorption capacity
The tests for oil sorption capacity were carried out following ASTM F726-60 standard method using four different kinds of oil [14, 37] . Briefly, in a 200 ml glass bottle, 10 g oil was added into 150 ml water. A thin oil layer was formed on the water immediately because of the lower density of oil compared to water. The sorbent was then gently placed on the oil/water mixture. The wet sorbent was retrieved using tweezers and then drained by hanging for 3 min in air to remove the excess oil before weighing. The oil sorption capacity is quantified by the weight ratio as oil absorbency (g/g) from the following equation: 
where Q oil is the oil sorption capacity (g/g) of the sample, is the weight of the wet sorbent after draining (g), and is the initial weight of the dried sorbent before sorption (g). Each type of sample was measured three times.
Characterization and measurements
The surface morphology of electrospun fibers were observed by field emission scanning electron microscopy (FE-SEM) (Hitachi S-4800, Japan) and transmission electron microscopy (TEM) were prepared, which were fixed on a paper frame by taping both ends of the specimen. At least 5 measurements were tested for each sample and the average value is reported here. The thickness of the specimens was measured by a microcaliper (Mitutoyo Corp., Japan).
Results and discussion

Physico-chemical characteristics of the fabricated mats
Electrospinning is a facile technique to fabricate porous-structured fiber mats with ultrafine fibers, small pore sizes and high surface area [38] through an electrically-charged jet of polymer solution or melt [33] . The morphology and structure of electrospun fibers can be manipulated by adjusting the materials and process parameters. Electrospinning results into three typical morphologies: beads, bead-on-string and smooth or rough fibers [39] depending on the process and material parameters. Figure 2 shows the FE-SEM images of the present neat and composite fibers.
All fibers showed highly porous and non-woven structure with very minimal bead-on-string formation. The formation of beads on the fibers is to be avoided because they can serve as stress points that could weaken the mechanical properties of the mat. Additionally, beads can cause non-uniformity in the mat, which can affect the oil sorption performance. The neat PVDF nanofibers showed smooth surfaces and solid cylindrical shape with diameter in the range of 20 -100 nm (Fig.   2a) , forming a Gaussian distribution. On the other hand, neat PS fibers had diameters ranging from 700 nm to 1.6 µm (Fig. 2b) , which were a few orders of magnitude bigger than PVDF nanofibers. PS fibers showed rough surface morphology with long continuous cracks along the axis of the fiber. This kind of PS morphology increases the overall surface area, which could benefit the oil-sorption capacity of the membrane. Meanwhile, the Fe 3 O 4 /PS composite fibers showed similar rough morphology but with decreased fiber diameter sizes, ranging from 500 nm to 1.4 µm (Fig. 2c) , which is similar with the observation of other studies [38] . This is attributed to the increased conductivity of the PS solution when Fe 3 O 4 NPs were incorporated, leading to an increased charge carrying ability, thus elongating the fiber more as it is subjected to the electric field resulting to thinner fibers [38] . The bicomponent composite mats, i.e., PS/PVDF with or without Fe 3 O 4 NPs showed some beads-on-string formation (Fig. 2d) . Beads are reported to help in increasing the hydrophobic property of a surface by providing a rougher surface as observed by other studies [40] . The optical images of the fabricated mats are shown in Fig. 3 . The neat PVDF mat (Fig. 3a) appears to be flat with a typical thin film-like structure. However, the neat PS mat (Fig. 3b) was very (Fig. 3c) . However, when both PS and PVDF were electrospun simultaneously by two-nozzle electrospinning, a less fluffy and less flat (somewhere in between the structures of the individual components) structure was observed (Fig. 3d) .
The incorporation of Fe 3 O 4 NPs has resulted to a darker color (Fig. 3e) compared to mats without them (white color) indicating that Fe 3 O 4 NPs are present in the mat. By using an external magnet, the composite mat containing Fe 3 O 4 NPs was attracted and attached well to the magnet as shown in Fig.   3f , which confirms the successful incorporation of Fe 3 O 4 NPs. To further confirm the loading of Fe 3 O 4 NPs in/on the PS fibers, fibers incorporated with Fe 3 O 4 NPs were directly electrospun onto a copper grid mesh and were subjected to TEM. Figure 4 shows the TEM images of Fe 3 O 4 /PS fibers. Several images from different fiber samples were taken, and it has been observed that the Fe 3 O 4 nanoparticles were mostly dispersed inside the fiber (Figs. 4a and 4b) (i.e., being fully encapsulated by the polymer) at a high concentration. But other parts also showed the Fe 3 O 4 NPs to be protruding on the surface of the fibers (Fig. 4c) , where the lower part of the Fe 3 O 4 NPs is firmly attached to the fibers. It is essential for NPs to be strongly adhered on/in the fibers to prevent them from being washed away during the oil collection process and avoid any secondary contamination. Our present composite material showed firmly attached NPs on/in the fibrous mat. Additionally, the EDS measurement (result not shown) shows some peaks of Fe, which confirms the presence of Fe 3 O 4 nanoparticles on/in the fibers. It is believed that with the incorporation of magnetic NPs, it will give more advantage for recovery of the composite mat after sorption through the use of an external magnet. Contact angle (CA) is a quantitative measure of the wettability of a surface and it varies according to the surface energy and the solid surface roughness [44] . The average result of contact angle is given in Fig. 6 . We can see that all the samples appear as hydrophobic fibers with contact angle larger than 121°. A slight increase in CA was observed when Fe 3 O 4 NPs were incorporated in PS, which may be attributed to the increased roughness due to bumps and beads formed due to Fe 3 O 4 NPs (Fig. 6c) . This is consistent with the studies on electrospun inorganic fibers which exhibit hydrophobic property [40] . The changes in CA could be possibly due to composition change of the membrane and the slight changing of the surface structure [45] . The nanofibers, which overlap with each other and are randomly distributed create locus for air pockets, which sustain the water droplets [46] leading to increased CA.
Mechanical properties
For efficient recovery, the sorbents should possess a fairly good mechanical property to withstand compression of sorbents [47] . The typical stress-strain curves and the average tensile property values are shown in Figs. 7a and 7b, respectively. In Fig. 7a , PVDF nanofibers showed a steep linear increase in the first 100% strain, and then reached a plateau until failure. Neat PS fibers showed a sudden steep increase then experienced a plastic behaviour and slow extension mode until failure. Similar trend was observed when iron oxide NPs were incorporated to PS but obtained a higher maximum tensile strength. The composite mats showed tensile strength values in between the tensile strengths of the individual components, i.e., PVDF and PS. However, the incorporation of NPs within and on the surface of the PS fibers did not significantly affect the tensile strength value of the PVDF/Fe 3 O 4 @PS composite mats. Our present results showed higher tensile strength and elongation at break than those of the co-axial PS-polyurethane nanofiber reported in literature for oil sorption [47] . Here, the addition of PVDF nanofibers has significantly enhanced the overall mechanical properties of the PS mats, and even with the incorporation of Fe 3 O 4 NPs in/on PS, the composite mat still showed good mechanical property and enhanced elongation. However, the main reason for the incorporation of Fe 3 O 4 NPs in this study is to provide magnetic property to the composite mat for easier sorbent recovery. in the present study.
Oil sorption capacity in oil-in-water system
The high capacity of oil adsorption mainly benefits from high porosity [13, 32] . Since the CA tests already suggest the hydrophobicity of all the sorbent samples, the water sorption tests (not shown) furthermore confirmed their low adsorption ability to water. Though there is still tiny weight increase of the sorbent material after the sorption tests, it could have been due to the water attached on the surface or trapped on the space of the sorbent samples. showed that the PVDF nanofiber mat, which is innately hydrophobic, had low sorption capacity of 11-14 g/g depending on the oil type. This is expected as PVDF does not exhibit high oleophilicity. On the other hand, the PS nanofibers showed excellent sorption ability up to 74-75 g/g, which is similar with those reported in previous studies [32] . The PS mat incorporated with iron oxide NPs showed similar sorption capacity as with the neat PS nanofibers, since there was no major change in fiber morphology and structure due to the presence of iron oxide NPs. When PS and PVDF were electrospun simultaneously, the resulting composite nanofibrous mats showed sorption capacity values that lie between the sorption capacities of both neat PVDF and neat PS mats. It should be noted that the fibrous mats were electrospun for a total of 4 ml solution. This means that the composite bicomponent mats only contain approximately half the volume compared to the neat PS mat, and the other half is made of PVDF nanofibers. As a result, the oil sorption capacity of PVDF/PS and PVDF/Fe 3 O 4 @PS sorbents was 44-46 g/g and 35-36 g/g, respectively, which were lower than that obtained from neat PS mat. The PVDF nanofibers have smaller fiber diameter and larger surface area, which could have provided more interfiber voids in the composite mat, however, PVDF has low oleophilicity, thus it did not help much in the sorption ability. The presence of PVDF nanofibers though has drastically helped in improving the mechanical properties of the composite mat (see Fig. 7 ). The slight decrease of oil sorption ability after adding sunflower oil soybean oil motor oil diesel fabricated mats. This could be attributed to the similar densities of the different oil samples at room temperature, and to the high porosities of all nanofiber mats. Previous studies [47] have found that the oil sorption capacity is mainly affected by the porosity or inter-fiber voids, and less likely by the internal porosity of the fibers themselves.
Conclusions
Oil spillage and oily water treatment have drawn more awareness and consideration nowadays because of its potential risk to the environment and the society. As a way of minimizing this oil pollution, sorbent materials with high surface area can be a potential candidate for oil cleanup.
In this study, the oil sorption capacity of a composite sorbent material made of PVDF and Fe 3 O 4 /PS nanofibers fabricated by a one-step two-nozzle electrospinning process was investigated. All nanofiber mats showed highly porous structure. The mechanical properties of the composite mats containing both PS and PVDF were found to be significantly improved compared to the neat PS mat. 30. Ribeiro, S., Costa, P., Ribeiro, C., Sencadas, V., Botelho, G., Lanceros-Méndez, S.,
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